Abstract Highly crosslinked UHMWPE has become the bearing surface of choice in total hip arthroplasty. First generation crosslinked UHMWPEs, clinically introduced in the 1990s, show significant improvements compared to gamma sterilised, conventional UHMWPE in decreasing wear and osteolysis. These crosslinked UHMWPEs were thermally treated (annealed or melted) after irradiation to improve their oxidation resistance. While annealing resulted in the retention of some oxidation potential, postirradiation melted UHMWPEs had reduced fatigue strength due to the crystallinity loss during melting. Thus, the stabilisation of radiation crosslinked UHMWPEs by the diffusion of the antioxidant vitamin E was developed to obtain oxidation resistance with improved fatigue strength by avoiding post-irradiation melting. A two-step process was developed to incorporate vitamin E into irradiated UHMWPE by diffusion to obtain a uniform concentration profile. Against accelerated and real-time aging in vitro, this material showed superior oxidation resistance to UHMWPEs with residual free radicals. The fatigue strength was improved compared to irradiated and melted UHMWPEs crosslinked using the same irradiation dose. Several adverse testing schemes simulating impingement showed satisfactory behaviour. Peri-prosthetic tissue reaction to vitamin E was evaluated in rabbits and any effects of vitamin E on device fixation were evaluated in a canine model, both of which showed no detrimental effects of the inclusion of vitamin E in crosslinked UHMWPE. Irradiated, vitamin E-diffused, and gamma sterilised UHMWPEs have been in clinical use in hips since 2007 and in knees since 2008. The clinical outcome of this material will be apparent from the results of prospective, randomised clinical studies.
Introduction
Osteolysis triggered mainly by ultrahigh molecular weight polyethylene (UHMWPE) wear particles has been one of the major problems in total hip arthroplasty along with instability/dislocation and infection [7] . Highly crosslinked UHMWPEs were developed using high-dose irradiation (50-100 kGy) to decrease the wear rate of UHMWPE [44, 46] and have become the standard-of-care after their first decade of service, especially in North America [61] .
Irradiation causes crosslinking in the amorphous phase of the UHMWPE [33] , but also initiates the formation of free radicals in the crystalline phase [23] , unable to recombine due to structural limitations, they become trapped for long periods of time [29] . These residual free radicals are believed to migrate to the crystalline/amorphous interface and cause oxidative degradation in the material [16] [17] [18] 59 , 69] through a cascade of reactions with oxygen [32, 71] .
In first generation crosslinked UHMWPEs [34] , postirradiation thermal treatment was used to increase the oxidation resistance (Fig. 1) . One approach was to anneal the irradiated UHMWPE below its peak melting point [63] , reducing the free radical concentration by providing more energy to the free radicals and allowing them to recombine to some extent. The free radicals were reduced by annealing but this implant was also terminally gamma sterilised, which introduced additional free radicals. In the long-term, there was significant oxidation in irradiated and annealed UHMWPE in vivo [21, 35, 72] . Despite this at intermediate follow-up (up to eight years), the penetration rates of highly crosslinked annealed UHMWPE are less than those for conventional UHMWPE [43, 64] , and the clinical effects of this elevated oxidation have yet to manifest themselves [35] . One study showed fatigue damage at the oxidised rim of explanted irradiated and annealed UHMWPE acetabular liners although none were revised due to rim damage [21] . The second approach was post-irradiation re-melting of the crystals to allow the free radicals to recombine completely ( Fig. 1 ). This method reduced the radiation-induced residual free radical concentrations to undetectable levels as measured by electron spin resonance and resulted in very low measurable oxidation in accelerated aging tests [49] . At the same time, re-crystallisation was hindered by the newly formed crosslinks, the crystallinity was reduced and therefore the fatigue strength of radiation crosslinked UHMWPE was further reduced [53] . The in vitro wear rate [47] and the penetration rates of re-melted UHMWPE in the intermediate term (five years) have been very low [22, 45] , but there are some concerns about the increased incidence of rim fracture under impingement and adverse loading conditions due to the lowered fatigue strength of this material [6, 27, 70] .
Thus, vitamin E stabilisation of UHMWPE was introduced as an alternative method to provide oxidation resistance without sacrificing some of the fatigue strength [55] . There are two methods by which vitamin E can be incorporated into radiation crosslinked UHMWPE. The first is blending of the liquid antioxidant with UHMWPE resin powder, consolidating the mixture by compression molding and irradiating the consolidated blend for crosslinking [8, 36, 52, 58] . Because vitamin E can also act as a free radical scavenger during irradiation, the crosslinking efficiency of UHMWPE is lowered in the presence of vitamin E [52, 58] and the vitamin E concentration in the blend is limited to less than 0.3 wt% [51] . In addition, the radiation dose has to be optimised as it is necessary to expose a vitamin E blend to a higher dose irradiation than virgin UHMWPE to obtain a desired crosslinking or wear rate. Nevertheless, this vitamin E-stabilised UHMWPE is promising in decreasing oxidation of irradiated UHMWPE [36, 39] and can have low wear rates if the vitamin E concentration and radiation dose are optimised [51, 52] . Recently, medical grade UHMWPE resin supplier Ticona (Florence, KY) announced its large-scale production of vitamin E-containing resin for various ultimate applications, and a 0.1 wt% vitamin E-containing, 91-kGy irradiated UHMWPE acetabular cup was implanted in Switzerland in 2009 (Mathys). The second approach, which we will describe in detail in this review, is diffusing vitamin E into already consolidated and radiation crosslinked UHMWPE. Using this method, the amount of incorporated vitamin E is not limited by the crosslink density, but the saturation limit of the crosslinked polymer at body temperature, which is approximately 0.7 wt%. Total hip implants manufactured from 100-kGy irradiated, vitamin E-diffused and terminally gamma sterilised UHMWPEs have been clinically used since 2007 (Fig. 2) . Prospective, randomised clinical studies, including an RSA study based at our institution are underway. Rationale for the use of vitamin E Vitamin E is the most abundant and effective chainbreaking antioxidant present in the human body, whose major physiological role is to react with free radicals in cell membranes and protect polyunsaturated fatty acids from degradation due to oxidation [57] . Oxidation of polyunsaturated fatty acids results in active free radicals (LOO•, LO•. The antioxidant activity of vitamin E (RRR-α-tocopherol in vivo) is due to hydrogen donation from the phenolic OH group on the chroman ring to a free radical on the oxidised lipid chain. Hydrogen abstraction results in a tocopheryl free radical, which can combine with another free radical. Therefore, tocopherol can theoretically prevent two peroxy free radicals from attacking other fatty acid chains and producing more free radicals [9, 10, 31] . Therefore, the cascading nature of oxidation is stopped, and oxidative damage can be prevented.
Oxidation reactions in polyethylene, which has a lipidlike molecular structure, also follow a similar mechanism of oxidation as lipids in vivo [1, 19, 24] . In irradiated UHMWPE, the carbon free radicals resulting from the breakage of the C-H bonds are prevalent [11] . When oxygen is present in irradiated polyethylene, it reacts with the primary free radicals to form peroxy free radicals [12, 38] . These peroxy radicals, in the absence of an antioxidant such as vitamin E, abstract a hydrogen atom from other polyethylene chains, creating new primary free radicals, which can then react with oxygen to further this chain of reactions [1, 60] . When peroxy free radicals react with hydrogen, they form hydroperoxides, which are not stable and degrade into oxidation products, mainly ketones, esters, and acids [2, 3, 16, 17] . The formation of these oxidation products is accompanied by chain scission and a decrease in the molecular weight of polyethylene, reducing its mechanical properties [14, 37] . In an irradiated polyethylene containing vitamin E, peroxy free radicals presumably abstract a hydrogen atom from vitamin E, forming hydroperoxides without the formation of new free radicals. Vitamin E is also effective in reacting with alkyl radicals [66] , but the reaction rate with peroxy free radicals is higher than any other radical [9, 31] . The oxidation cascade in irradiated polyethylene is therefore hindered in the presence of vitamin E.
Preparation of radiation crosslinked, vitamin E-diffused, and gamma sterilised UHMWPE
For vitamin E to be able to protect UHMWPE against oxidation, the antioxidant has to be distributed throughout the entire thickness of the component. Polyethylene can be doped with vitamin E simply by allowing it to sit in a bath of pure or diluted vitamin E. Because vitamin E is highly hydrophobic, it diffuses readily into polyethylene, especially at elevated temperature; however, in the application of this concept, there are several factors to be considered.
First, it is important not to melt the sample substantially during the diffusion process and thereby to avoid the loss of crystallinity during post-irradiation melting, which causes a decrease in mechanical strength [53] . The melting range of UHMWPE starts at 100°C with a peak melting point of about 140°C; more crystallinity is lost as the diffusion temperature nears the peak melting point. Increased temperature also increases the surface concentration and the saturation concentration of vitamin E at the surface of UHMWPE [56, 74] . Dimensional changes can occur both due to the thermal release of residual stresses from previous processing steps and also due to the swelling of the surface with vitamin E. A slightly oversized preform can be processed and machined as a terminal step before sterilisation to overcome changes in dimensions.
To obtain a uniform vitamin E concentration profile throughout components of various thickness, a two-step diffusion process at elevated temperatures below the melting point was developed involving doping of UHMWPE by soaking in vitamin E with subsequent homogenisation at an elevated temperature below the melting point [56] . The doping step was restricted to 120°C because there were significant volumetric and weight changes above this temperature. When the high surface concentration of vitamin E had been obtained (Fig. 3a) , the homogenisation of the surface vitamin E throughout the irradiated component could then be achieved at a higher temperature below the melting point because there was no additional diffusion of vitamin E into the component (Fig. 3b) .
A secondary effect of exposing the polyethylene to high temperature during doping and homogenisation would be to decrease the amount of residual free radicals caused by radiation crosslinking. But, a terminal sterilisation by gamma irradiation is used currently in clinically available implants prepared using this method (Fig. 3c) , resulting in substantially detectable free radicals in this material (3.5 × 10 16 spins/g compared to 11.7 × 10 16 spins/g for 100-kGy irradiated UHMWPE; [54] ). Despite the presence of these Fig. 2 An E-1™ acetabular liner (Biomet, Inc.) fabricated from highly crosslinked, vitamin E doped/homogenised, terminally gamma sterilised ultrahigh molecular weight polyethylene (UHMWPE) (Courtesy of Dave Schroeder, Biomet) free radicals, vitamin E-stabilised UHMWPE has shown great oxidative stability when subjected to accelerated aging as will be discussed later (Fig. 4a) .
During irradiation, vitamin E hinders crosslinking in UHMWPE as a function of increasing concentration [52, 58] . In fact, at vitamin E concentrations above 0.3 wt%, the incremental increase in crosslink density by increasing the radiation dose is minimal and it is not possible to crosslink vitamin E-containing UHMWPE to the same level as that of 100-kGy irradiated and melted UHMWPE even at irradiation doses as high as 200 kGy [51] . The terminal gamma irradiation for sterilisation causes a very small increase in crosslink density. At the same time, some vitamin E is grafted onto the polymer chain by the post-diffusion irradiation, preventing elution of components; therefore, it may be desirable to graft some of the vitamin E in the material.
Oxidative stability A major factor limiting the maintenance of the wear and mechanical properties of irradiated UHMWPEs in vivo is
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Homogenisation Radiation Sterilisation (a) (b) (c) oxidation [59] . Oxidation is determined by spectroscopic techniques measuring carbonyl moieties on UHMWPE formed as a result of the decay of hydroperoxides [13] . Typically accelerated aging methods are used in vitro to compare the oxidative stability of various polyethylene formulations [34] . While accelerated aging is helpful in comparing the oxidation resistance and oxidation potential of different types of bearing materials, it cannot be used to predict the oxidation timeline or profile of a particular material in vivo. Nevertheless, it has been shown in several types of accelerated aging studies, carried out at elevated temperatures and/or in the presence of pure oxygen under high pressure, that vitamin-E-containing, irradiated polyethylene is more stable than gamma-sterilised or high-dose irradiated polyethylene [8, 36, 39, 41, 53, 55, 75] . It is proposed that this is due to the reaction of vitamin E with the primary free radicals on the polyethylene chains and also free radicals resulting from their reaction with oxygen. A study looking specifically at the stabilising effect of vitamin E in vitamin-E-diffused, irradiated UHMWPE showed higher oxidative stability than unstabilised, irradiated UHMWPE over seven months in air at room temperature and in water at 40°C [54] (showing similar trends at 36 months; Fig. 4 ; [65] ).
Wear resistance
As mentioned above, a crosslink density equivalent to that of 100-kGy irradiated and melted UHMWPE is desired because this material has been shown in vitro and in vivo to decrease wear significantly compared to conventional UHMWPE [22, 46] . The studies discussed here were performed on UHMWPE with an initial radiation dose of 85 to 100 kGy with a terminal gamma sterilisation dose of~25-40 kGy after vitamin E incorporation designed to obtain similar wear resistance to this predicate material.
Wear testing of vitamin-E-diffused, 100-kGy irradiated UHMWPE on a custom-designed pin-on-disc tester in bovine serum showed that the wear rate was comparable to 100-kGy irradiated and melted UHMWPE [55] . In this study, accelerated aging at 80°C for five weeks did not change the wear rate of this UHMWPE despite the fact that vitamin E was diffused only 0.5 mm into the surface of this sample and not throughout the entire thickness. This suggested that the wear region was within this surface layer protected by the vitamin E.
After the development of the diffusion method by doping followed by homogenisation below the melting point, 5-mm thick acetabular liners were irradiated by 85-kGy gamma irradiation, doped with vitamin E, subsequently homogenised to obtain vitamin E throughout, and terminally gamma sterilised. These acetabular liners (28-and 40-mm inner diameter) were wear tested on a hip simulator against CoCr femoral heads using normal gait load and kinematics at 2 Hz in undiluted clean bovine serum for five million cycles and compared to conventional UHMWPE gamma sterilised in inert gas [50] . This study showed in vitro that under normal conditions, the wear reduction in vitamin-E-diffused, highly crosslinked UHMWPE compared to conventional UHMWPE (92% and 90% reduction in wear for 28-and 40-mm cups, respectively, compared to 28-mm conventional UHMWPE) was comparable to that observed previously with irradiated and melted UHMWPE compared to conventional UHMWPE [46, 48] . Similar results were observed when these liners were tested in undiluted bovine serum with third body polymethyl methacrylate (PMMA) and barium sulfate particulate debris (72% and 75% reduction in wear for 28-and 40-mm cups, respectively, compared to 28-mm conventional). The results obtained from these hip simulator studies with vitamin-E-diffused, irradiated highly crosslinked UHMWPE confirmed earlier studies that showed the wear rate of highly crosslinked UHMWPEs were largely independent of femoral head size (Table 1 ) [48] .
There are concerns about the ability of highly crosslinked UHMWPEs to withstand especially two clinically adverse situations. One of these is the femoral neck impingement on the rim of an acetabular liner, most often due to the vertical placement of the shell with excessive anteversion [27, 70] . There is increased concern for highly crosslinked UHMWPEs due to their initially lower fatigue strength than unaged conventional UHMWPE and the fact that larger head sizes with thinner polyethylene can now be used, thanks to the independence of the wear rate of highly crosslinked UHMWPEs of femoral head size [40, 48] . In a clinically relevant device fatigue test involving the impingement of the rim of thin polyethylene liners by the neck of the femoral components, simulating the adverse case of vertical malpositioning of the implant, 3.7 mm-thick vitamin-E-diffused, crosslinked acetabular liners with 28-and 40-mm inner diameter were loaded on the rim by the femoral neck for two million cycles. There were no fractures in any of the tested liners, including the conventional UHMWPE liners with 28-mm inner diameter used as controls. No apparent differences between unaged conventional UHMWPE and vitamin-E-diffused, highly crosslinked UHMWPE were observed [50] .
Peri-prosthetic effects of vitamin E
Wear debris of conventional UHMWPE has been clearly associated with osteolysis and loosening of implants [68] . Currently, there is no conclusion on the differences in the biological activity of the wear debris from highly crosslinked UHMWPE compared to conventional UHMWPE. While the average particle size from highly crosslinked UHMWPEs appears to be smaller than that of conventional UHMWPE, the number of particles is also significantly lower. In addition, conventional UHMWPE has been associated with high oxidation not observed in irradiated and melted UHMWPE; therefore, the activity of the particles may not be the same [15] . Vitamin E may also have a direct role in regulating immune response when associated with UHMWPE particles based on an in vitro study indicating that vitamin E-stabilised unirradiated UHMWPE increased matrix metalloproteinase-9 secretion from granulocytes [62] . Vitamin E is found in foods such as vegetable oils, nuts, seeds, whole grains, leafy green vegetables and avocados [67] . The vitamin E commonly used for the stabilisation of radiation cross-linked UHMWPE is produced synthetically and is certified to be at least 97% pure α-tocopherol. Both synthetic and natural vitamin E are regarded as safe for human consumption by the Food and Drug Administration as additives in prepared food in accordance with current good manufacturing principles [25] . There are no known adverse effects of the consumption of vitamin E naturally occurring in food. One major concern regarding vitamin Estabilised UHMWPE involves its possible elution from the polymer in vivo and their local/ systemic effects. There was measurable elution of vitamin E from vitamin E-diffused UHMWPE aged in the laboratory in water at 40°C for three years [65] . This was attributed to the surface vitamin E concentration being higher than the saturation concentration of vitamin E in early-phase vitamin E-diffused, irradiated UHMWPE at 40°C. The concentration profile became uniform at a vitamin E level of approximately 0.7 wt% at three years, suggesting that this was the saturation concentration. Nevertheless, these components did not show any detectable oxidation at three years. To quantify the effects of complete elution on the oxidative stability of vitamin E-diffused crosslinked UHMWPE, a clinically irrelevant extraction procedure in boiling hexane was used, after which some vitamin E remained in the samples. These samples were exposed to accelerated aging after extraction and did not oxidise despite the removal of most of the vitamin E. This suggested that under clinically relevant conditions, the complete removal of vitamin E from the components was highly unlikely and that the components would be protected even under adverse conditions. In addition, clinically used components are currently prepared to have a more uniform concentration at around 0.7 wt% before sterilisation, which would minimise the driving force for elution of the components.
Regarding the peri-prosthetic effects of the elution of vitamin E from irradiated UHMWPE, Wolf et al. [73] determined that there were no cellular cytotoxic or genotoxic effects of vitamin E extracted from a vitamin Eblended and terminally gamma sterilised UHMWPE containing 0.8 wt% vitamin E in vitro. In a study investigating the local toxicity of vitamin E, an emulsifying agent (Tween 80™) was used to dissolve vitamin E in an aqueous solution, in order to simulate the mechanism of vitamin E transport conjugated to lipoproteins. Two millilitres of this emulsion (10 mg of vitamin E) was injected to the knee joints of New Zealand white rabbits and the animals were sacrificed at two weeks (n=3) and at 12 weeks (n=6). The control knee was injected with the carrier solution without vitamin E. The findings were that regardless of the time in situ, the synovial tissue had a normal appearance at harvest and there were no signs of inflammation or sterile pus. The tissue of all control knees had the same unremarkable appearance [30] .
The effect of vitamin E on the device fixation of vitamin E-diffused, irradiated UHMWPE was investigated in a canine hip model [30] . A comparison between bony ingrowth (using histology) of cups with vitamin Ediffused, irradiated UHMWPE liners (n=14) and irradiated, unstabilised UHMWPE liners (n=7) showed no significant differences between the two groups after three months of implantation time.
Mechanical properties
As mentioned above, there is a decrease in mechanical and fatigue strength of irradiated and melted UHMWPEs, caused both by crosslinking and the loss of crystallinity during melting, which quenches the residual free radicals [49] . The loss of crystallinity during post-irradiation melting was avoided by doping irradiated UHMWPE with vitamin E [50, 53] . Therefore, the ultimate tensile strength (Table 1) , yield strength, and fatigue crack propagation resistance (Fig. 5) were also increased. The value for the ultimate tensile strength of 100 kGy irradiated and melted UHMWPE reported in the literature is approximately 35 MPa [53] ; the ultimate tensile strength of vitamin-Ediffused, irradiated UHMWPE was measured to be 46 MPa under the same testing conditions [50] .
The fatigue strength of surgical-grade UHMWPE is typically quantified by determining the resistance to fatigue crack propagation by cyclically loading a specimen designed to concentrate stresses at a crack tip [4] . The stress range that needs to be applied to propagate the crack at a rate of 10 −6 mm/cycle is reported as a measure of the resistance to crack propagation. The values for unirradiated or gamma-sterilised UHMWPE, which has high fatigue resistance in its unaged state, have been reported as 1.4-2.0 MPa·m 1/2 [5, 55] . In contrast, irradiated and melted highly crosslinked UHMWPEs had values of 0.55-0.69 MPa·m 1/2 depending on the radiation dose [5, 55] . The fatigue resistance of vitamin-E-diffused, 100-kGy irradiated UHMWPE was 0.70-0.77 MPa·m 1/2 [50, 55] . Also importantly, the strength of vitamin-E-diffused, irradiated UHMWPE remained unchanged when exposed to accelerated aging, while that of conventional, gamma sterilised UHMWPE deteriorated significantly [50, 53] . While conventional UHMWPE has high fatigue strength in its unaged form before exposure to oxygen, its fatigue resistance is severely reduced due to oxidation, to as low as 0.19 MPa·m 1/2 [55] .
Summary and conclusions
In the hip, highly crosslinked UHMWPEs have now become the standard-of-care as bearing surfaces [61] . It appears that radiation crosslinking has increased the wear resistance of UHMWPE [42] and is likely to decrease the incidence of osteolysis, at least in the first decade [28] . It also appears that using larger head sizes coupled with crosslinked UHMWPE has less of an effect in increasing wear rates than previously observed for conventional UHMWPE [40, 48] . Combined with the belief that using larger head sizes results in less risk of dislocation [20] , there is a tendency to use thinner crosslinked UHMWPE components. This may increase the risk of adverse effects such as wear, rim impingement, edge loading and rim fracture, especially given the high prevalence of surgical mal-alignment in the hip (63%-H Malchau personal communication; [26] ). The material discussed here, vitamin E-diffused, irradiated UHMWPE is a second-generation crosslinked bearing surface, which was designed to improve the mechanical and fatigue strength of crosslinked UHMWPE without sacrificing wear and oxidative stability. Thus, its use aims to make crosslinked UHMWPE a more effective and more forgiving bearing surface, which can be used in a variety of indications. In vitro studies have corroborated these concepts; this material showed wear resistance and oxidative stability at least equivalent to the predicate first generation highly crosslinked (irradiated and melted) UHMWPE with improved fatigue strength. It has been available in hips since 2007 and its clinical performance will be determined using prospective, randomised clinical studies, which are under way. 
